II. INTRODUCTION
The operational experience with ECR ion sources at heavy ion accelerators shows that in general significant losses occur in the low energy beam transport system between the ion source and the accelerator. In addition, we describe a method to mitigate the emittance blowup in the analyzing magnet and improve the beam transport efficiency. This can be achieved by increasing the magnet gap and suitably modifying the shape of the pole faces. We have done all simulations and measurements discussed in this paper for the case of a mono-component 24 keV He This paper is organized as follows. In section III we briefly describe the KVI-AECR ion source, the first section of the low-energy beam transport line and a transport simulation of a He + beam through the analyzing magnet. A detailed study of the ion-optical aberrations of the analyzing magnet based on trajectory simulations and a second-order analysis of the beam transport through the magnet is presented in section IV. Then in section V a method is described to compensate the ion-optical aberrations of the analyzing magnet by adding hexapole components to its main dipole field. The paper closes with conclusions and outlook in section VI.
III. EXTRACTION AND TRANSPORT OF A HE + BEAM
The KVI-AECR ion source and the first section of the low-energy beam transport line including the 110 • analyzing magnet are schematically shown in Figure 1 . The ion source is a 14 GHz electron cyclotron resonance ion source using two room temperature solenoids and an open NdFeB permanent magnet hexapole to create a min-B plasma trap. A more detailed description of the AECR ion source can be found in Ref. 6 . The electrostatic extraction system is an accel-decel lens consisting of a plasma electrode with a 8 mm diameter extraction aperture followed by shielding and ground electrodes. The shielding electrode is typically biased at −300 V with respect to the ground electrode to prevent secondary electrons, 
IV. TRANSPORT PROPERTIES OF THE MAGNET
The measurements and simulations presented in the previous section indicate large second-order effects in the phase-space distributions behind the analyzing magnet and correlations between the horizontal and vertical phase-space coordinates of the beam particles. Figure 4 where various simulated projections of the 4d transverse phase-space are plotted at the location of VT2 behind the analyzing magnet. The colored bands indicate groups of particles which are centered at the horizontal positions x = 0 and ±5 mm. Figure 4d suggests that a useful quantitative measure of correlations between phase-space coordinates is provided by the transverse angle R p defined as
This is illustrated in
The angle R p is proportional to the transverse momentum of the ions. Figure 4d indicates a strong correlation between R p , i.e. distance to the origin, and the x-coordinates of the ions in the focal plane of the analyzing magnet (color). In In order to investigate the aberrations of the analyzing magnet we have calculated its second-order transfer matrix describing the mapping of phase-space coordinates θ, with θ = x, y, x or y , from VT1 to VT2 and which can be written as 
with subindexes 0 and 1 indicating locations VT1 and VT2, respectively. The first-and second-order coefficients in equation (2) 
V. SECOND-ORDER CORRECTION
The analysis described in the previous section has shown that the relatively small vertical gap and large second-order aberration coefficients of the analyzing magnet cause significant beam losses and emittance blowup of the transported beam. The transport properties of the magnet can be improved by remedying these shortcomings, i.e. enlarging the magnet gap and minimizing and/or compensating the second-order aberrations. Simulations show that the beam losses on the pole face of the magnet can simply be prevented by increasing the magnet gap from 67 to 110 mm. Magnet aberrations can be minimized by keeping the beam inside the magnet gap vertically narrow, e.g. by using an extra vertical focusing element between the ECR extraction system and the analyzing magnet. However, in our case this is difficult because of lack of space. We have instead investigated the possibility to compensate both the kinematic and geometric second-order magnet aberrations by adding suitable hexapole components to the main dipole field of the analyzing magnet 13, 14 . This method was first used to improve the transport of intense multiply-charged ion beams extracted from ECR ion sources by Leitner et al. 15 .
We have investigated the effects of modifying the pole surfaces of the entrance and exit sections of the analyzing magnet such that a quadratically increasing field is obtained to correct the hexapole component in the vertical plane. The central part of the pole surface is shaped in such a way to obtain a quadratically decreasing magnetic field in order to correct space-charge forces have been neglected. After a few iterations we arrived at the optimum magnetic field profile shown in Figure 8 .
The calculated beam profile and emittance distributions at the location of VT2 for the modified pole surface are shown in Figure 9 . According to the simulations the full beam is transported to the location of VT2 without losses and the horizontal and vertical emittances are reduced by a factor of two compared to those for the uncorrected magnet. We have also recalculated Figure 4 for the modified analyzing magnet, the result is plotted in Figure 10 .
Comparison with Figure 4 shows that the correlations that existed in the various phasespace projections are almost completely removed by optimizing the magnet. As can be seen in Figure 9 magnet we might remove this tail without affecting the vertical focusing too much. We estimate that the effective transport efficiency to the AGOR cyclotron with the modified magnet will increase from 16 % to 45 %.
VI. CONCLUSIONS AND OUTLOOK
We have performed detailed simulations and measurements of the extraction of a 24 keV He + beam from an ECR ion source and its subsequent transport through a 110
• analyzing magnet. We find that such slow ion beams are very sensitive to space-charge forces.
Comparing simulations and measurements shows that, for the beam currents investigated Current state-of-the-art ECR ion sources are based on superconducting technology to generate both the solenoidal and hexapolar confining fields, and operate with RF-frequencies between 24 and 28 GHz 16 . The magnetic fields in these sources are thus typically a factor two higher than in the 14 GHz KVI AECR ion source for which the transport properties of the analyzing magnet have been studied in this article. Consequently the emittance of the beams delivered by these sources is also typically a factor two larger than the beam emittance of the KVI-AECR ion source. Compensation of higher-order aberrations in the beam transport caused by both the non-paraxiality of the beams and the higher-order terms in the fields of the optical elements in order to minimize emittance growth and beam losses thus become even more important than it already is in our case. For an optimal design of beam guiding systems for low-energy highly-charged ions a detailed analysis of the higher order aberrations based on realistic 3D fields and of the kinematic perturbations is therefore essential. In addition, since the extracted beam currents are much higher than in our case the problem of space-charge compensation should be given adequate attention in order to fully exploit the potential of these ion sources.
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